We apply high resolution scanning tunneling microscopy to study intrinsic defect states of bulk FeSe. Four types of intrinsic defects including the type I dumbbell, type II dumbbell, top-layer Se vacancy and inner-layer Se-site defect are extensively analyzed by scanning tunneling spectroscopy.
I. INTRODUCTION
-
III. RESULTS AND DISCUSSION
The unit structure of FeSe is composed of a square iron plane sandwiched by two square Se planes [14] . The bulk single crystal of FeSe can be cleaved between two adjacent Se layers, with an electrically neutral Se layer exposed for the STM measurement. Figures 1(a) and 1(b) display two atomic-resolved topographies of the same area under positive and negative bias voltages, respectively. Each bright spot in the topography represents a Se atom, which form a square net of Se lattice with a lattice constant of a 0 ≈ 0.37 nm. The Fe plane and inner-layer Se plane are not discernable in topographies. A small defect-free area topography is enlarged and shown in the inset of Fig. 1(a) , on top of which a schematic top-view lattice is superimposed. Each iron atom is shown to be at the bridge site between two neighboring top-layer Se atoms. Each inner-layer Se atom is at the hollow site of the top-layer Se lattice.
Within the top-layer Se lattice, different types of defects can be observed. We mainly focus on four types of typical defects, the type I dumbbell, the type II dumbbell, the toplayer Se vacancy and the inner-layer Se-site defect. With the sample being an asgrown compound of bulk FeSe, these typical defects are attributed to intrinsic defects of FeSe. Fig. 1(f) ]. The dumbbell defects are grouped into the type I and type II dumbbells, depending on their distinct topographies under negative bias voltages. These two types of dumbbell defects can also be distinguished from the published literatures about FeSe [34, 39] . Besides the dumbbell defects which are located at the Fe site, we also find defects which are located at the Se site. With a missing Se atom in the Se lattice in Figs. 1(g-h) , the third type of defect is determined to be the top-layer Se vacancy. Figures 1(i-j) show that the fourth type of defect is centered at the inner-layer Se site while no missing atoms are found in the top-layer Se lattice. For the present, it is assigned as an inner-layer Se-site defect. Different from the C 2 symmetry shown in the topographies of dumbbell defects, a C 4 symmetry is observed around both Se-site defects. In addition, topography of both Se-site defects under positive bias voltage is similar to that under negative bias voltage.
The dI/dV spectrum is next measured at different sites, which is proportional to the local electronic DOS. Initially we choose a tunneling condition of V b = 100 mV and I s = 100 pA.
At clean area without any defects, the dI/dV spectrum displays a V-shaped form around the Fermi level, as shown by the black curve in Fig. 2a . In the V-shaped spectrum, the DOS at negative energy is larger than the DOS at positive energy, representing a partial particle-hole asymmetry. At the center of the type I dumbbell defect, the dI/dV spectrum is measured and shown by the red curve in Fig. 2(a) . With the tunneling bias voltage set at V b = 100 mV, the DOS at positive energy is similar to that of the clean-area spectrum. The DOS at negative energy is relatively depressed, displaying a more symmetric DOS around the Fermi level. For the type II dumbbell defect, the DOS at negative energy is further depressed to be smaller than the DOS at positive energy, as shown by the red curve in Fig. 2 
(b).
Figure 2(c) shows the dI/dV spectrum of the top-layer Se vacancy. Compared with the clean-area spectrum, the DOS at negative energy is enhanced, instead of being depressed like that in dumbbell defects. For the inner-layer Se-site defect, the dI/dV spectrum shows a similar but smaller enhancement of particle-hole asymmetry [ Fig. 2(d) ]. The inner-layer Se-site defect is most possibly an inner-layer Se vacancy, with the subtle spectral difference attributed to a larger distance between the defect and the tip. respectively. In addition, the approximate density of the type I dumbbell defect is observed to decrease with the experimental progress or the cooling cycles, consistent with the fact that the Fe vacancy can be wiped out by annealing [41] .
The defect-induced change of DOS can be explored in a larger voltage range around the Fermi level. For the type I dumbbell defect, the dI/dV spectrum from -600 mV to 600 mV is measured and compared with a clean-area spectrum [ Fig. 2(e) ]. With a bias voltage V b = 100 mV, the tunneling current is changed to I s = 20 pA to avoid an overload of the measured lock-in signal. Consistent with that in Fig. 2(a) , the DOS at negative energy is strongly depressed, including the peak around -220 mV in the clean-area spectrum. On the other hand, the DOS at positive energy, from 200 mV to 600 mV, is also depressed. For the top-layer Se vacancy, the similar large-range spectrum is measured and shown in Fig. 2(f) . Fig. 2(c) , the DOS at negative energy is overall enhanced. For two types of dumbbell defects, the tunneling condition is also changed to V b = −600 mV and I s = 600 pA for a different measurement of the dI/dV spectrum. As shown in Figs. 2(g) and 2(h), a protruding kink below 200 mV is the main dumbbell-induced change of DOS at positive energy (compared with the clean-area dI/dV spectrum), which is more obvious in Fig. 2(h) for the type II dumbbell defect. The relative particle-hole asymmetry around the Fermi level is maintained in the large-energy-range dI/dV spectra. Defect-induced dI/dV spectra have been reproducibly tested at different samples and with different tips.
Consistent with that in
We then explore the spatial distribution of the electronic states around different types of defects. Series of linecuts of dI/dV spectra are measured across defects. The tunneling condition is chosen to be V b = −100 mV and I s = 100 pA. Due to the negative bias voltage applied to this measurement, the spectra are normalized by the DOS of occupied states. In is selected as a defect-induced signal, and the conductance map of 104 meV is shown in the inset of Fig. 3(d) . For the monolayer FeSe interfaced with SrTiO 3 , the DFT calculation reveals that the two protruding Se orbitals around the Fe vacancy lead to the bright lobes of a dumbbell [41] . For the Fe vacancy and antisite Se Fe , our detailed mapping of the defect state suggests that the neighboring Se orbitals should lead to the similar but different lobes of dumbbell. The distribution of the defect state is however relatively isotropic around the center, and quickly fades away with increasing distance from the defect center. We note that there are unidirectional dark stripes straddle each dumbbell defect at temperatures much lower than T s [26, 31, 32, 34] . Because the measurement temperature in our experiment is at 77 K, only a bit lower than T s , the more long-ranged unidirectional depressions are less discernable in our topographies. contrast can be seen more clearly in the intensity profile along the atomic row, as shown in Fig. 4(d) . The overall higher intensity on the left portion of the profile in Fig. 4(d) showing a relatively isotropic distribution and a quick fading away from the defect center.
The detailed mapping of the defect states can be compared with complex theoretical calculations in the future. The determination of two different types of dumbbell defects will also help to clarify the in-gap state [25, 35] and paring symmetry problem at an ultra-low temperature, which is beyond our current technical capability and the scope of this work. 
